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INTRODUCTION 

Natural gas i s  a highly des i rab le  fuel because of i t s  high heating value and 
nonpolluting combustion products. 
t ion  of domestic supplies of clean f u e l s ,  economical production of synthe t ic  natural 
gas (SNG) from coal ranks high on the  l i s t  of national p r i o r i t i e s .  

Presently there a re  several gas i f ica t ion  processes under development directed 
toward the production of methane or SNG. Although ca t a ly t i c  methanation of coal 
synthesis gas is  a n  important cos t  item i n  the  process, basic technological and 
design pr inc ip les  fo r  this  s t ep  a re  not well advanced. Extensive research and dev- 
elopment a re  needed before the process can r ea l i ze  economical, r e l i ab le  operation. 
Specifically,  there appears t o  be important economic advantages i n  t he  development 
of more e f f i c i e n t ,  s t ab le  ca ta lys t s .  

a ly s t s  and k ine t ics  have been provided by Greyson (1 )  and Mills and Steffgen (2) .  
However, only recently,  were k ine t ic  s tud ies  of selected Group VI11 metals (Fe, Ni, 
Co, Ru, Rh, P t ,  Pd ,  I r )  reported by Vannice (3,4) and of nickel and ruthenium cat-  
a l y s t s  by Dalla Betta e t  a l .  (5,6) f o r  which the k ine t i c  data were c l ea r ly  de te r -  
mined under conditions f r ee  of heat and mass t r ans fe r  (d i f fus iona l )  influences and 
f o r  which spec i f ic  r a t e s  were based upon ac t ive  ca t a ly t i c  surface a reas .  

There i s  very l i t t l e  mention i n  previous l i t e r a t u r e  i n  regard t o  a l loy  cata- 
l y s t s  for  methanation, and no previous k ine t i c  data have been reported for  a l loy  
systems. 
mined for  alumina-supported a l loys  of nickel w i t h  ruthenium, rhodium, molybdenum 
oxide, iron, cobalt ,  platinum, palladium and copper. These data were determined 
under conditions such t h a t  e f f ec t s  o f  heat and mass t ransfer  were minimized and 
spec i f ic  rates a re  reported a t  1 atm and 225 and 250°C, based upon ac t ive  c a t a l y t i c  
surface areas.  

EXPFRIMENTAL 

In view of the expanding demand f o r  and deple- 

Extensive general reviews of per t inent  l i t e r a t u r e  dealing w i t h  methanation ca t -  

This paper discusses recent ly  determined methanation a c t i v i t y  data deter-  

Materi a1 s 

Analytically pure metal s a l t s  (e.g. Baker Analyzed Ni(N03)2*6H 0)  and Kaiser 
SAS 5x8 mesh alumina (301 m2/g) were used in preparation of the  suppgrted nickel 
alloy ca t a lys t s .  Samples were prepared by simple co-impregnation t o  inc ip ien t  wet- 
ness o f  the support w i t h  aqueous metal s a l t  so lu t ions  followed by oven drying a t  
80-100°C fo r  24 hours. The impregnated, dried samples were reduced in flowing 
hydrogen a t  1000-2000 GHSV while heating a t  l e s s  than 5"C/min t o  450-500°C with a 
one hour temperature hold a t  230°C and 10-16 hours a t  450-500°C. Samples reduced 
in a separate reduction system were ca re fu l ly  passivated w i t h  1% a i r  i n  nitrogen 
before t ransfer r ing  t o  the reac tor .  

Hydrogen and nitrogen gases (99.99%) were purified by simultaneously passing 
both through a palladium Deoxo pur i f i e r  (Engelhard) and dehydrated molecular s ieve  
or l iqu id  nitrogen t r ap .  
further purification. 

Carbon monoxide (Matheson Pur i ty ,  99.99%) was used without 
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Apparatus and Procedure 

Metal surface areas were determined by means of hydrogen chemisorption a t  
25°C (Ni-Pd a t  130OC) using a conventional volumetric apparatus capable of 10-6 
Torr. 
the  isotherm was extrapolated t o  obtain the adsorption a t  zero pressure. 
assumed tha t  exactly one hydrogen atom adsorbed on each surface metal atom, and s i t e  
dens i t ies  were calculated based on the three  lowest index planes of each metal (ex- 
cept i n  the case of Ni-Moo3 where hydrogen was found t o  adsorb only on the nickel 
S i t e s ) .  The surface composition of each a l loy  was assumed t o  be the same as  the 
nominal metal composition. Compositions and metal surface areas fo r  ca t a lys t s  pre- 
pared and tested in t h i s  study are  l i s t e d  i n  Table 1 .  

en t i a l  flow reactor equipped with Matheson flow meters and pressure regula tors ,  a 
Hewl ett-Packard 71 32 temperature recorder, and a Hewl ett-Packard 5830 gas chromato- 
graph. 
reac tor  contained a ca t a lys t  chamber of 35cm3 with ad jus tab le  thermocouples ins ta l led  
a t  each end of the  chamber. 

2-4 grams of previously reduced (and passivated) ca t a lys t  i n  the reac tor  ( the  remain- 
der of the bed was f i l l e d  with pure A1203 pe l l e t s )  i n  order t o  minimize the inf lu-  
ence of heat and mass t r ans fe r .  
500 cm3/min) t o  450°C and held for  two hours a t  t h a t  temperature, t f en  allowed to  
cool i n  flowing H2 t o  about 225°C. Reactant gases (1% C O ,  4% H2 and 95% N ) were 
next allowed to  flow through the reactor a t  a space velocity of 30,000 o r  g0,OOO 
hr-1 fo r  30 minutes during which time the  reac tor  temperature was s tab i l ized  a t  
225, 250, o r  275°C. Reactor pressure was usually about 5-8 psig. Three chromato- 
graphic samples of the product gas were obtained a f t e r  which three  additional 
chromatographic samples were taken t o  determi ne unconverted reac tan t  gas concentra- 
t i ons .  All important experimental conditions such a s  temperature and pressure were 
recorded a t  the time each chromatographic sample was taken. 

Hydrogen adsorption uptakes were determined a s  a function of pressure and 
I t  was 

Methanation a c t i v i t i e s  were measured using a laboratory,  single-pass d i f f e r -  

A schematic of the  reactor system i s  shown i n  Figure 1 .  The s t a in l e s s  steel 

Differential  ac t iv i ty  measurements were car r ied  out a t  low conversions w i t h  

The sample was heated in  flowing H (approximately 

RESULTS AND DISCUSSION 

Methanation a c t i v i t y  data i n  the  form of percent CO conversion, CH4 produc- 
t i on ,  and spec i f i c  ra tes  a re  l i s t e d  f o r  nickel and nickel a l loy  ca ta ly  t s  in Tables 

spec i f ic  ra tes  a re  shown schematically in Figures 2 and 3 f o r  250°C and GHSV = 
30,000 hr-1. For cg ta lys t s  w i t h  low metal loadinqs, low conversions were obtained. 
For example, a t  250 C (Table 4 )  conversions f o r  the 3 w t . %  ca t a lys t s  (Ni-A-112, 
Ni -Ru ,  Ni-Rh, and Vi-MoOg) range from 4 to  14% depending upon the space velocity,  
whereas conversions f o r  the 15 t o  20 w t . %  ca t a lys t s  ( a l l  o ther  ca t a lys t s )  range from 
11 t o  43%. A t  225°C the conversion ranges a re  4 t o  7% and 6 t o  35% f o r  low and 
h i g h  metal loadings respectively.  T h u s ,  t r u ly  d i f f e ren t i a l  (low conversion) condi- 
t i o n s  can be approached a t  225°C f o r  the  3% ca ta lys t s  b u t  not f o r  the 15-20 w t . %  
ca ta lys t s .  Apparently then, f o r  our reactor system and f o r  typical methanation 
ca t a lys t s ,  t r u l y  chemically-limited r a t e  data can only be obtained f o r  ca t a lys t s  
with a low metal loading (3-5 wt.%). 
very accurate k ine t ic  r a t e  data t o  prepare a l l  of the ca t a lys t s  with metal loadings 
i n  t he  3-5% range. 
moderate conversions a re  adequate f o r  comparative purposes.and s a t i s i f y  the objec- 
tives of this study. 

and k~ ) shown i n  Tables 2-4 and Figure 3 indi-  
ca te  approximately the same o@er of magnitude a c t i v i t y  f o r  N i ,  Ni-Hu, and Ni-Rh 
ca ta lys t s .  O u r  turnover numbers agree well w i t h  the i n i t i a l  r a t e s  reported by Dalla 
Betta e t  a l .  (5)  and Vannice (3) f o r  0.5% Ru/A1203 and 5% Ni/A1203. 

2-4 !225OC, GHSV = 30,000 and 60,000 hr-1 and 25OoC, GHSV = 60,000 hr- 7 ) and the 

Accordingly i t  would be des i rab le  in obtaining 

Nevertheless, f o r  purposes of screening, the data obtained a t  

The turnover numbers ( N  

I t  
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appears t h a t  a small unce r ta in t y  (1-5%) i n  our  r e s u l t s  may be a t t r i b u t e d  t o  
small va r ia t i ons  i n  gas concentrat ions,  pressure and f l o w  r a t e s  over t h e  t e s t  
pe r iod  of a g iven  c a t a l y s t .  The measurement o f  bo th  a c t i v i t y  and s e l e c t i v i t y  a l s o  
inc ludes  unce r ta in t i es  o f  1-5% i n  c a l i b r a t i o n  and measurement o f  gas concentrat ions.  
Thus, i t  may be poss ib le  t h a t  s e l e c t i v i t i e s  f o r  CH4 a r e  s l i g h t l y  h igher  than i n d i -  
cated, al though the re  i s  undoubtedly s i g n i f i c a n t  hydrocarbon and C02 produc t ion  (3, 
5) .  

Da l l a  Bet ta  e t  a l .  (6 )  have i n d i c a t e d  t h a t  t h e i r  s teady-state r a t e s  f o r  meth- 
anat ion  ( a f t e r  a 24-hour exposure t o  a r e a c t i o n  m ix tu re )  are 25 t imes lower than 
t h e i r  i n i t i a l  r a t e s  (5 ) .  Thus, exposure t o  a r e a c t i o n  m ix tu re  over a pe r iod  o f  
hours o r  even minutes may s i g n i f i c a n t l y  reduce the  a c t i v i t y  o f  t h e  c a t a l y s t .  
may exp la in  why t h e  tu rnover  numbers repo r ted  i n  t h i s  study which were measured 
a f t e r  exposure f o r  1 /2  t o  4 hours under r e a c t i o n  cond i t ions  a r e  s i g n i f i c a n t l y  lower 
than i n i t i a l  r a t e s  repo r ted  i n  the  l i t e r a t u r e  f o r  5% Ni/Zr02 (5) and 5% Ru/A1203 
(3).  The discrepancy between i n i t i a l  r a t e s  measured by Da l l a  Be t ta  (5 )  and Vannice 
(3) f o r  n i cke l  and ruthenium c a t a l y s t s  m igh t  be s i m i l a r l y  explained by d i f f e rences  
i n  t h e i r  pretreatment o f  t he  c a t a l y s t .  A lso,  Vannice based h i s  turnover  numbers on 
CO adsorpt ion data,  which i n  f a c t  may e x p l a i n  d i f f e rences  o f  100-400% between h i s  
da ta  and ours o r  those o f  D a l l a  Bet ta .  

Th is  

Vannice (3) has repo r ted  s e l e c t i v i t i e s  f o r  the  methanation r e a c t i o n  over the  
group VI11 metals t o  be i n  the  f o l l o w i n g  decreasing order :  
Th is  order co r re la tes  w e l l  w i th  measured s e l e c t i v i t i e s  f o r  a l l o y s  o f  these same 
metals w i t h  n i c k e l  as shown i n  Tables 2-4. O f  spec ia l  i n t e r e s t  i s  Ni-Pt-A-100 
which shows the  h ighes t  s e l e c t i v i t y ,  99% a t  250°C and h igher  temperatures. 
i n  space v e l o c i t y  and temperature have apprec iab le e f f e c t s  on the  s e l e c t i v i t y  as 
can be seen f o r  example i n  the  data f o r  Ni-A-112, Ni-Pd-A-100 and Ni-Ru-A-105. 
Genera l ly  the  s e l e c t i v i t y  increases w i t h  i nc reas ing  temperature f o r  a g iven space 
v e l o c i t y  and w i t h  inc reas ing  space v e l o c i t y  f o r  a g iven temperature. 

Pd>Pt>Ir>Ni>Rh>Co>Fe>Ru. 

Changes 

Figures 2 and 3 i l l u s t r a t e  the  magnitude o f  the r a t e s  per  gram o f  c a t a l y s t ,  
t he  turnover numbers, and s e l e c t i v i t i e s  a t  250°C and a space v e l o c i t y  o f  30,000 hr-’ 
Nominal compositions and hydrogen uptakes used t o  c a l c u l a t e  turnover  numbers a re  
l i s t e d  i n  Table 1. It should be observed t h a t  t he  a c t i v e  metal load ings  which vary 
s i g n i f i c a n t l y  between c a t a l y s t s  have an obv ious l y  marked e f f e c t  on t h e  a c t i v i t y  o f  
t he  c a t a l y s t  pe r  u n i t  c a t a l y s t  weight as can be seen i n  F igure  2 where the  l i s t e d  
o rde r  corresponds t o  the  order  o f  w t . %  a c t i v e  metal .  A comparison o f  these r a t e s  
w i t h  the  hydrogen uptake data shows t h a t  t he  r a t e  i s  s t r o n g l y  i n f l uenced  by t h e  
a v a i l a b l e  surface area. 
(per u n i t  mass) than 6-87 (32 w t . %  n i ,cke l )  main ly  because the  sur face  area o f  t he  
former c a t a l y s t  i s  l a r g e r .  

For example, Ni-A-116 (14 w t . %  N i c k e l )  i s  more a c t i v e  

Turnover numbers f o r  250°C and a space v e l o c i t y  of 30,000 hr-’ a r e  shown i n  
decreasing order  o f  a c t i v i t y  i n  F igure  3. 
Ni-Co-A-100 are  the  most a c t i v e  and 6-87 the  l e a s t  a c t i v e .  The d e t a i l s  o f  these 
r e s u l t s  are discussed below f o r  each c a t a l y s t ,  

Ni-Mo03-A-101, Ni-A-112 (3% n i c k e l )  and 

Ni-Mo03-A-101 has a r e l a t i v e l y  low a c t i v e  sur face  area. Thus, i t s  r a t e  per 
u n i t  weight i s  among t h e  lowest tes ted .  However, i t s  tu rnover  number i s  t he  high- 
e s t  o f  any c a t a l y s t  tes ted .  Assuming a method t o  inc rease the  a c t i v e  sur face  area 
can be found, t h i s  c a t a l y s t  i s  a most promis ing candidate f o r  f u r t h e r  study. 

Ni-Ru-A-105 and Ni-Rh-A-100 behave t y p i c a l l y  as n i c k e l  c a t a l y s t s  showing com- 
p a r a t i v e l y  l i t t l e  e f f e c t s  o f  a l l o y i n g  a l though bo th  a r e  s l i g h t l y  l e s s  a c t i v e  than 
Ni-A-112, a n i cke l  c a t a l y s t  o f  comparable weight loading. The Rh does cause some 
increased s e l e c t i v i t y  t o  methane bu t  n o t  as pronounced as f o r  plat inum. The da ta  
determined a t  225°C (Table 2) show an unexpectedly low s e l e c t i v i t y  t o  methane fo r  
Ni-Rh. Thus, some o f  t h i s  work w i l l  be repeated. 
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Ni-Co-A-100 contains a high loading of metal with equal weight percents of 
nickel and cobalt .  
and the turnover number a re  high. The s e l ec t iv i ty  of t h i s  ca t a lys t  for the metha- 
nation reaction (78% a t  250°C and GHSV = 30,000) i s  t he  lowest of any nickel ca t a -  
l y s t  tested.  Vannice (3)  has reported cobalt  t o  have a se l ec t iv i ty  of 78% under 
similar reaction conditions and the s e l e c t i v i t y  f o r  nickel t o  be 90% a l so  i n  good 
agreement with our da ta .  T h u s ,  cobalt  has a strong e f f e c t  on the se l ec t iv i ty  of 
the Ni-Co ca ta lys t .  
93.5% se l ec t iv i ty  a t  225°C and GHSV = 30,000 hr-1. 
lower a t  225 than a t  250"C, these data m u s t  be repeated. 

Ni-Fe-A-100 was found t o  completely deactivate within two hours under normal 
reactor operating conditions. When the ca t a lys t  was removed from the reactor some 
of the beads showed a brown (rust) co lor  as  compared t o  the normal black. The ob- 
servations suggest t h a t  the  iron may scavange the  oxygen from the CO t o  form various 
iron oxides and t h u s  e f f ec t ive ly  poison the  ca t a lys t .  I t  i s  a l so  possible t h a t  the 
Ni-Fe ca ta lys t s  was not completely reduced a t  t he  beginning of the t e s t .  Additional 
reactor t e s t s  a r e  planned to  inves t iga te  these poss ib i l i t i e s .  

a turnover number about the same as  6-87. 
a r e  not outstandingly d i f f e ren t  from the  other ca ta lys t s .  The  s e l ec t iv i ty ,  however, 
i s  s ign i f icant ly  improved over nickel. 
the most se lec t ive  ca t a lys t s  fo r  methane--namely about 98% to  CH4. As an a l loy  w i t h  
nickel i n  the amount of only one atomic percent platinum e f fec t s  a 99% se l ec t iv i ty  
t o  methane. 

Ni-A-116 is a high loading (15 wt.%) nickel ca t a lys t  used t o  compare against  
other ca ta lys t s  containing 15-20 w t . %  a l loy .  
weight but has a turnover number the  same as Ni-Pt-A-100 and somewhat lower than 
the cobalt  a l loy .  

6-87 is a commercial nickel ca t a lys t  manufactured by Girdler Catalyst  Corp. 
and i s  included as  a comparison against  other nickel ca ta lys t s .  
ever, from the o ther  ca t a lys t s  tes ted  because i t  contains a d i f f e ren t  support of 
unknown composition which may influence the diffusional and mass t r ans fe r  character- 
i s t i c s  of the ca t a lys t .  Because of i t s  high nickel loading (32 w t . % )  i t  i s  expected 
t h a t  i t s  r a t e  per u n i t  weight should be high. 
of the lowest measured. T h i s  may be due in par t  t o  t he  e f f ec t s  of pore diffusion 
res i s tance  a t  a r e l a t ive ly  high conversion of CO.  

this t o  be the  l e a s t  ac t ive  ca t a lys t  t es ted  t h u s  f a r  w i t h  r e l a t ive ly  low se l ec t iv i ty .  
No fur ther  work i s  expected t o  be done w i t h  th is  ca t a lys t  because of i t s  low 
ac t iv i ty .  

l i s t e d  in Table 5 .  
A-100, the ca t a lys t s  appear t o  have ac t iva t ion  energies of 12-18 kcal/mole f o r  
both CO conversion and methane formation. Ni-Co-A-100 and Ni-Rh-A-100 have 
s l igh t ly  higher values of 22.2 and 19.2 respectively.  f.li-MoO -A-101 has a s iqn i f i -  
cantly higher value of 26 kcal/mole which i s  c lose  t o  the valde of 25 kcal/mole for  
nickel reported by Vannice (3) .  The f a r  r i gh t  column l i s t s  the ac t iva t ion  energies 
for various metals a s  reported by Vannice and measured under k ine t ic  l imited (low 
conversion) conditions.  
pared t o  those of e i t h e r  a l loy  component very l i ke ly  r e s u l t  a t  l e a s t  in par t  from 
mass t ransfer  (or  d i f fus iona l )  l imi ta t ions .  In addition, the var ia t ions  a re  par t ly  
the r e su l t  of a l loy  formation, the  a l loy  having ca t a ly t i c  properties d i f f e ren t  from 
e i the r  of the pure metals . 

I t  i s  of special  i n t e r e s t  i n  t h a t  both the r a t e  per u n i t  weight 

Nevertheless, a recent test showed the same ca t a lys t  t o  have a 
Since the se l ec t iv i ty  should be 

Ni-Pd-A-100 was found t o  be l e s s  ac t ive  than most of a l loys  tes ted  thus f a r  with 
Ni-Pt-A-100 has r a t e  cha rac t e r i s t i c s  which 

Vannice (3)  has shown platinum t o  be one of 

I t  has the  highest r a t e  per un i t  

I t  i s  unique, how- 

However, i t s  turnover number i s  one 

Data on Ni-Cu-A-100 obtained a t  250°C and a space velocity of 30,000 hr-' show 

Apparent ac t iva t ion  energies f o r  some of the nickel-alloy ca t a lys t s  a re  
W i t h  the exceptions of Ni-F?o03-A-101, Ni-Co-A-100, and Ni-Rh- 

Considerably lower ac t iva t ion  energies fo r  alloys com- 

33 



CONCLUSIONS 

1. 
composit ion o f  1% CO, 4% H2, 95% N2) range from 3-43% f o r  alumina-supported n i c k e l  
a1 l o y  ca ta l ys ts .  
numbers a re  not s i g n i f i c a n t l y  d i f f e r e n t  w i t h i n  experimental e r r o r  f o r  Ni-Rh, Ni-Ru, 
and N i  c a t a l y s t s  and compare favo rab ly  w i t h  i n i t i a l  ra tes  repor ted f o r  5% Ni/A1203 
and 0.5% Ru/A1203. 

2. Steady-state conversion m asured a t  225 and 25OoC, 1 atm and f o r  space v e l o c i -  
t i e s  o f  30,000 and 60,000 hr-7 i n d i c a t e  t h a t  very  nea r l y  d i f f e r e n t i a l  ( low conver- 
s ion )  cond i t i ons  ob ta in  o n l y  f o r  low (3-6 wt.%) metal l oad ing  c a t a l y s t s .  
data f o r  15-20 wt.% metal/A1203 c a t a l y s t s  a r e  i n f l uenced  by mass t r a n s f e r  o r  d i f -  
f us iona l  l i m i t a t i o n s .  

3 .  Ni-MoOj/Al 03 i s  the most a c t i v e  c a t a l y s t  on a per sur face area bas is .  N i - P t /  
A1 0 has the Kighest s e l e c t i v i t y  f o r  methane production--namely 99% (25OoC, 30,000 
hr2-3) .  A 14 w t . %  Ni/A1203 i s  the  most a c t i v e  c a t a l y s t  on a per  mass basis--even 
more a c t i v e  than a comnercial 32 w t . %  Ni/A1203 s imply  because the  14% c a t a l y s t  has 
a h igh  n i c k e l  sur face area. 

Steady-state conversions o f  carbon monoxide a t  225 and 250°C, 1 atm. ( i n l e t  

Turnover Percent s e l e c t i v i t i e s  t o  methane range f r o m  67-99%. 

Screening 

REFERENCES 

1. M. Greyson, "Methanation" i n  "Ca ta l ys i s "  Vol. I V ,  ed. P.H. Emmett, Rheinhold 
Pub. Corp., New York, 1956. 

2. G.A. M i l l s  and F.W. Stef fgen,  " C a t a l y t i c  Methanation," Ca ta l ys i s  Reviews 8, 
159 (1973). 

3. M.A. Vannice, "The C a t a l y t i c  Synthesis f o r  Hydrocarbons from H2/C0 Mixtures 
over the Group VI11 Metals," J .  Cata l ,  37, 449 (1975). 

over the Group V I 1  Metals, 111. 
Catalysts, ' '  J .  Catal.  40, 129 (1975). 

I n i t i a l  Rate o f  CO Hydrogenation on Supported Ruthenium and N icke l  ," J. 
Cata l ,  35, 54 (1974). 

S ta te  Rate o f  C0,'Hydrogenation on Supported Ruthenium, N icke l ,  and Ruthenium," 
J .  Catal.  40, 173 (1975). 

4. M.A. Vannice, "The C a t a l y t i c  Synthesis o f  Hydrocarbons from H /CO Mix tures 
Metal-Support  E f f e c t s  w i t 2  P t  and Pd 

5 .  R.A. Da l l a  B e t t a ,  A.G. Piken, and M. Shelef, "Heterogeneous Methanation: 

6. R.A. Da l l a  Betta, A.G. Piken, and M. Shelef, "Heterogeneous Methanation: Steady 

34 



co 

A. 

8. 
C .  
D.  

E .  

F .  
G .  
H. 

Pancake Regulator 
Control Valve 
F1 owmeter 
Manifold 
Mixing Chamber 
Pressure Gauge 
Reactor 
Furnace 

0' 
IE 

r-*- 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
L-- 

5 To Gc 

Figure 1 Low Pressure Continuous Flow Reactor 
System f o r  Methanation Studies 

35 



- 
+-' 
U 

U 
a VI -. v) 

W 

0 
E 

m 
m 

c 

Y 

h 
0 

x 

a c, 
PI 

7 

m 

32% 
0.89 
- 

m 
I 

36 

33 

30 

27 

24 

21 

18 

15 

12 

9 

6 

3 

20% 

0.78 

- 

0 0 

I 
7 

4 
0 

h U  I 

a z  .r 

7 N  

- 

0 0  
0 0  
c c  
I 

4 4  
c , u  a n  

z z  
I 
.r 

I 

u r n  

14% - 

0.87 

- 

u) 
c - 
I 

4 
.C z 

t 
m 

16% 
0.87 
- 
- 

I 

I 
.r 

16% 

Ca ta l ys t  

3% 

0.81 

p\1 

7 c 
I 

4 
.r z 

+ 
W 

3% 
0.82 
- 
__ 

Lo 
0 

I 
c 

4 
2 CT I 

.r z 

+ 
r. 

0 0 

I 
c 

4 
r 
I Y  I 

z 
.r 

+ 
m 

5.5% rn 

m o  
7 

Figure  2 Spec i f i c  Methanation Rates (mass bas is )  f o r  
N icke l  and N icke l  A l l o y  Cata lys ts .  
(Percentages a re  a c t i v e  metal loadings. Frac t ions  
represent  s e l e c t i v i t y  t o  $ethane.) 
(T=250"C; GHSV=30,000 h r -  ) 

36 



5.5% - 

3.86: 

- 

7 

0 
r 
I 

4 

:: 
m 

0 
0 

.r 
z 

+ - 

13 -- 

12 - -  - 
u a, VI 

al 11 -- 
U 

VI 
.r 

2 10 - -  

: 9 - -  

7 

3 

F- 

0 

8 -- 

x 7 - *  

v 

m 
0 - 
0 z 
L 6 - -  

5 5 

> 
0 

t- 

4 

3 

2 

1 

F 
.: 

-- 

--  

-- 

-- 

-- 

6 

4 

0 0 

I 
- 
.C z 

0.99 

0.87 

- 

0 0 

I 
7 

W 
4 : 4  
7 4 4  

I C ,  

.- .r 
z z  

I I 

3% - 

1.81 

- 

N 
7 7 

1 

4 
.r 
z 

+ 
N 

16% 32% , 
0.87 0.89 
- 

0 0 

I 
- 
4 
-0 
a h  

I C 0  
.r I 
z w  
I I 

i 14% 

i 
m u r n  

3% Lln, - 
0.82 

- 

In 
0 
7.- 

I 

4 
CT I 

z 
.r 

+ 
W 

Catalyst  (Listed i n  o rder  o f  ac t iv i ty )  

Figure 3 Turnover Numbers (molecules product/si te sec)  for  
Methanation o n  Nickel and Nickel Alloy Catalysts.  
(Percentages a r e  ac t ive  metal loadings. 
represent s e l ec t iv i ty  t o  yethane.) 
(T=250°C; GHSV=30,000 hr- ) 

Fractions 

37 



m m c  W W O N -  
h ? - h W N 7  l b . ' : ? ? .  . . . . . .  

3 E 

W 
7 - I 

4 
.r z 

L 
aJ 7 

B 
.r 

v 
W 

h 

I 
W 

a 

c 
0 

I 

m 

- 
? 

F 
0 0 

.r z 

- 
0 

I 

m 

- 
4 

B 
0 

38 

m 
0 7 

I 

4 
e I 

z .,- 

0 0 0 0 0  
0 0 0 0 0  
, , I l l  

- c o w w u  
I l l 1 1  

z z z z z  

l - r - 7 - F  

4 4 c 4 T P  
E V L L ~ . ~  

.,- .r .r .r .r 



m w N -  7 d L n  c, 
m o h h b h  

0 0 0  
. ~ o o o o o o  .r 4 0 1 ' 9 ' 9 0 1 0 9  
c, 

0 
UI 

d 
=I 

c, VI 
h 

rn c, 
V 

7 

W 

U 
a 

W In 

U 

W m 
m 

- 
m 
m 

In 
9 
7 

v) - 
In 
7 

N 

u3 
7 

0 0 

I 
- 
4 
0 
V I 

z .r 

h N 

m 

h h 

d 

In 

0 

m 

7 

c m 
m 

0 
W 

7 

0 N 

In 
7 

h h 

W 
c 

0 0 

I 
7 

4 
c, 

a 
n 
.r z 

W 

d 
'9 

N - 
m 

h 

d 

- 
m 
h 

N 

m h 

7 

W 

m 
s 

03 

In 
7 

In 
0 
I 
7 

4 
CT I 

z .r 

39 

W 

N 

m 

m 
01 
F 

- 
N 

N 

00 s 
7 

c 

c 

N 

N 

m 
m 

0 0 7 

I 

4 
-c z I 

z .r 

h 
m 
N 

h 

N 
a 

m 
h 

d 

N 

d 
'9 

N 

0 

h 
W 
u3 

0'. 
u3 

0 0 c 
I 

4 
-0 

I 

z 

n 
.r 

m 
v1 
U 

h 

d 
9 

c c 

N 

m 
"9 
c 

s 
0 

In 
N 

01 
N 

c 
0 
7 
I 

4 

:: 
m 
0 
0 

.r z 

v) 

0 
c, 

U 
0 

C 
0 

c, U 
m 
L 
L 
aJ 
u 

.r 

.r 

.r 

a 
VI 

c, m > 

c, 0 

I 
al 

.r 

m 

n 

0 0 

I 
c 

4: 
LL I 

z .r 

m 
b. 
m 

Ft 

m 
9 

In 
N - - 
F 
m 
m 

W 

N 
a 

In 
In 
m - 
Ln 

d; 
N N 

h W I 
I3 

0 

W 
09 

0 

U 
'4 

m m 
v) 

N 

m 
'9 

m 
c 

N 

PI 

b. 
U 

m 
'9 
u3 

N - 7 

I 

4: 
.r z 

N m 

W 

m 
7 

LD 

d PI 

m 
N 

m N 

m 
c 

In In 

W 

W 

W N 
9 

m ID 

d m 

W 
? - 
I 

4 
.r 
z 



m c, 11 

rc( O >  
v, 

Sa 
E : -  
aJV w o  L m  

V N  v,N 

m s  
.C 

L 
0 c, V 

w Tr 
m 

m 
W 
1 rn 
-z I- 

m 
2 SI 
X 

*- 
w u  > a J  
o m  E:- 

3 

L7 

I- ET 

- 
h 851 

o m  
(J? h 

X.. 
w a+- e o  

@L- 
m~ 

EY 

S 
0 .- 
m 
W 

b e >  

V 
0' 81 

h h  
N 

0 0  0 0  

m a  
o m  m h  ? ?  . .  

o u  m m  
w e  

m m  m h  
? ?  . .  - 

w N *  
m 

o m 0  

~ m r n  

w - m  
' 1 9 0 '  

F 

a h  - *  m e l -  

e o  * m m m  a m  
? ' 1  Y o ?  ? ?  

- E  
0 
.r 
42 

m m  m o  h o w  

o m *  
m -  

N N 
m *  w m  

7 ? 9  ? ?  . .  
7 



VI 
u VI 

h 
m 
u 
u 

- W 
0 
7 

x 81 
r. 
m 
N 

'9 
m 
7 

uo E N  

4 *  m 
7,- 

-81 W l  Y L  

V h a ,  o m  

X-. 

w r  CJO 
4 Erf 
PI-- 

rn ,- 

m 
? 
4 

V 

-0 
0 

bea 

a 

E EY 
0 

. .  

m U 

h N 

m 

m 

m 
9 
0 

0 m e  

m 
? T  N 

U m o  
7 

F - N  

01. "1 
P - w  
N -  

m 
7 p '  
o m  

9 - m 

N W  
h . .  

- m  
9 

- m 

c u r -  

m m  - m  

m , -  . .  

m m  
S Y  
e m  
7 U  

41 



a'? 
+ I  + I  
1 9  
o r -  

7 L n  
N N  

E IT 

4- 

CL 

42  


